Wire electrical discharge machining (WEDM) technology has been widely used in tool and die-making industry, automotive, medical and practically any conductive materials. It is a non-traditional machining process which used the continuously circulating wire as electrode and cuts the workpiece along a programmed path. The aim of this paper is to investigate the influence of feed rate on the performance of WEDM on Titanium Ti-Al-4V. Brass wire was employed as the electrode in this study. The results on kerf width, material removal rate and surface roughness are graphically tabulated. The best combination of machining parameter viz. machine feed rate (4 mm/min), wire speed (8 m/min), wire tension (1.4kg) and voltage (60V) were identified. The selection of parameters depends on the requirements based on a better surface roughness or a maximum material removal rate. Hence an appropriate combination of variables can be selected accordingly. Furthermore, this combination can contributes to increase production rates perceptibly by reducing machining time.
Introduction
Titanium Ti-6Al-4V has become very popular materials and widely used as implants for dental, restorations and orthodontic wires, as well as orthopedic due to their low density, high corrosion resistance and excellent mechanical properties [1] . However these alloys were very difficult to fabricate as they are not ductile and have low fracture toughness at room temperature [2] . Furthermore, due to its excellent strength property, it is found that it is extremely difficult to machine by conventional method. Several researchers [3, 4] have been investigated the different aspects of machining but no comprehensive research work has been reported so far in the field of wire electrical discharge machining of this alloy. Hence, it is essential to introduce an alternative method in machining of this alloy.
Wire electrical discharge machining (WEDM) becomes an important non-traditional machining process due to its competency in machining of work pieces with complex geometry and hard stiffness [5] . The material is removed by a series of discrete electrical discharges between the wire electrode and the work piece in this process. The discharges, which are highly focused by the dielectric medium, cause rise in the local temperatures of the work piece near the point of introduction. The temperatures are high enough to melt and vaporize the material in the immediate vicinity of the electrical discharges. Since, there is no mechanical contact between the work piece and the electrode, material of any hardness can be machined as long as it is electrically conductive [6] . Due to this reason, it has dramatically increased in high application of materials with high stiffness in the aerospace, nuclear, and automotive industries. WEDM was effective solutions for machining hard materials such as titanium, molybdenum, zirconium and tungsten carbide with complex shapes and profiles that are difficult to machine using conventional methods [7, 8] . With improper of selecting parameters there are possibility of wire breakage imposes certain limits on the cutting speed, which in turn reduces productivity. The selection of optimum cutting parameters is solution in obtaining a higher cutting speed or good surface finish. However, even though with the upto-date computer numerical control (CNC) WEDM machines exist, the problem of selecting optimum cutting parameters for WEDM processes is not fully solved. Machine feed rate, discharge current, wire speed, wire tension and average working voltage are the machining parameters which affect WEDM performance measures [9, 10] .
This study aimed in achieving the appropriate conditions in machining Titanium Ti-6Al-4V resulted in term of kerf width, material removal rate (MRR) and surface roughness (Ra).
Materials and Method

Workpiece material
WEDM has tremendous potential on account of its versatility of application and its series of complex physical processes, including heating and cooling in non traditional machining processes [11] . But due to its complexity of the extraction process, difficulty of melting and problems during fabrication Titanium Ti-6Al-4V is expensive when compared to many other metals. By improving fabrication methods, it could result in reduced scrap losses and fabrication time, and thus reduced cost and increased availability [5] . Based on Y.F Luo [12] , the electrical energy available for material removal is uniformly distributed along the length of the wire; therefore the material removal rate should not be affected by the material thickness. This study applied Titanium Ti-6Al-4V work piece with constant value of thickness (6mm) since only a few researcher done the studies regarding this material using WEDM.
Wire Electrode
Brass wire begun to be used in the late of the 1970s in WEDM machining. These conductive metal wires (diameter from 0.05mm to 0.35mm) are used in three-dimensional machining after programming the required shape and provide wires continuously. The most important properties to take into account are: (i) electric discharge performance; (ii) heat resistance; (iii) low calorification; and (iv) heat release [13] .
Dielectric
Nowadays WEDM process is commonly conducted on work pieces that are totally submerged in a tank filled with dielectric fluid. This method grants temperature stabilization and efficient flushing especially when the work piece has varying thickness [5] . Due to its low viscosity and rapid cooling rate, WEDM uses deionised water instead of hydrocarbon oil as the dielectric fluid [14] .
Parameter Setting
The process parameters such as machine feed rate, discharge current, wire speed, wire tension and average working voltage constantly affected the product quality produced by WEDM [9, 10] . In finding how the output parameter varies with the variation in the input parameter, three set of experiments as shown in Table 1 have been studied. All experiments were performed in constant current (4A) mode. The selection of factors was based on the journals, preliminary result and the suggestion from the handbook recommended by the machine manufacturer. 
Sample Preparation and Experimental Procedure
Before and after the machining, all specimens will be cleaned in an alcohol bath using Mini Ultrasonic Cleaner model MUC-100 and then dried using Beuhler Metaserv Specimen Dryer in blower mode. After that, the specimens will be kept in Buehler Specimen Cabinet Storage to prevent the formation of oxide on the surface. Titanium Ti-6Al-4V workpieces are cut into the desired size using Wirecut EDM Mitsubishi FX Series Machine (Figure 1 ) in the presence of dielectric fluid (deionized water) with addition of anti rust agent liquid to reduce the surface rust.
Fig. 1. Pictorial view of WEDM machine tool
The kerf is measured using the Infinite Focus Alicona Machine as the sum of the wire diameter and twice wireworkpiece gap. The kerf value was expressed in three different spot and each spot will give ten readings, the average of these reading will be taken as kerf width. The material removal rate (MRR) will be calculated using equation (1) this equation has been used by P.S. Rao et al. [14] . 3 /min]. After obtaining the experimental samples, surface roughness was measured using an Infinite Focus Alicona Machine on each piece work 3 times for achieving more accuracy and, subsequently, the average of it was selected. Stereo Zoom Microscope is used to see the macrostructure of machined surface (topography view). The results obtained will be represented in graphs and figures subsequently will be discussed.
Result and Analysis
Kerf Width
The graph from Figure 2 revealed about machine feed rate vs kerf width. Wire speed, wire tension and open voltage at constant while the machine feed rate varies. The lowest value of machine feed rate give smallest kerf width. Meanwhile, it can be seen clearly that medium setting of machine feed rate gives the average value of kerf width and high setting of machine feed rate applied offered the widest value of kerf width. This clarified the phenomenon that when the wire tension increased, it will reduce the wire vibration and resulted to smaller kerf width [15] . 
Material Removal Rate (MRR)
Graph in Figure 3 shows the result where higher machine feed rate gives higher value of MRR and vice versa. Theoretically, material erosion is influenced by the spark energy. As feed rate increase; MRR also increases till it reaches optimum. Choice of MRR and surface roughness is also dependent on user and environment of the problem [16] . Figure 3 discovered smoother surface which can be obtained at high machine feed rate. P.S. Rao et al. [15] explained that wire tension and spark gap voltage are significant parameters in obtaining better surface finish. By increasing wire tension, it reduces the vibration and improves the machined surface quality. The increase of voltage means that the electric field becomes stronger and the spark discharge takes place more easily under the same gap and a coarse surface is always obtained. Suleiman Abdulkareem et al. [18] has proved that wet WEDM can be used to improved surface roughness of titanium (Ti-6Al-4V) workpiece. 
Surface Roughness (Ra)
Surface Topography
There are many factors which make machined surface topography have the characteristics of complex and irregular, and impact using performance of parts due to its complicated process. Figure 5 shows the surface topography of each experiment under microscope with 100× magnification. It shows that low machine feed rate gives bigger crater compared to high feed rate and vice versa. Lei Geng and Huayan Zhong [19] stated that the fractal dimension of the multi-process is greater than the one of the single process, and the surface profile should be more complex and finer. They also define Ra reflects the height information of the surface microscopic structure, and fractal dimension mainly shows the complex degree of surface topography, which reflects combined effect of surface spacing and the height and is independent of height characteristic and measurement scale. 
Conclusion
In this paper, an attempt was made to determine the important machining parameters for performance of WEDM viz. kerf width, MRR and Ra. The main goal is the maximum MRR with the minimum kerf and surface roughness in setting the machining parameters. Factors machine feed rate have been found to play an important role in this experimental work. The outcome of this study will help in improving the quality of Titanium Ti-6Al-4V products as well as minimizing the machining cost to realize the economical potential to the fullest.
